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By H. Carl Thorman and C a r l  E. Campbell 

An investigation of turbojet-engine thrust augnentation by 
means of ta i l -pipe burning has been conducted in  the NACA Lewis 
altitude wind tunnel.  Results presented in th ie  report were 
obtained w i t h  a t a i l - p i p  burner  deeigned f o r  fuselage ins ta l la t ion  
in a specific  airplane.  Characteristic  features of this ta i l -pipe 
burner were a converging  conical burner section preceded by a 
conical  diffuser  section. Three d i f fe ren t   fue l  patterns and three 
flame holders were investigated  to detelrmfne the effect  of f u e l  
dis t r ibut ion and flame-holder  design on the  tail-pipe-burner per- 
formance and operational  characteristics  over a range of simulated 
flight conditions. A conical fixed.-area exhut nozzle w8.e used 
throughout  the investigation. 

The most efficient  burner performance and the  widest range of 
operable fue l - a i r  ratios were  obtained with configurations in which 
fue l   in jec tors  that  gave a hanogeneom dis t r ibut ion of the   ta i l -pipe 
fuel-air  mixture were used w i t h  annular-V-gutter tspe flame holders 
blocking about 30 percent of' the  burner  cross-sectional mea. The 
t a i l -p ipe  canbustion  efficiency was more severely reduced by decreas- 
ing  turbine-outlet pressure below approximately 1000 pounds per 
square foot  than at higher pressures. An increase in flight Mach 
number fran 0.27 t o  1.06 at an 'altitude of 25,000 feet and a turbine- 
out le t  temperature of 1650° R increased the r a t i o  of augmented t o  
normal thrust f ran 1.43 t o  1.64, w i t h  an attendant  increase  in 
exhaust--  temperature from 3030' t o  3290' R and an increase  in 
combustion efficiency fran 0.74 t o  0.89. A t  the same conditions, 
the spec5f'ic f u e l  consumption increa~led frm 2.37 at a flight Mach 
number of 0.27 t o  2.43 at a flight Mach number af 0.65 and then 
decreased to 2.32 at a fli&t Mach number of 1.06. A t  a flight 
Mach number of 0.27, the operable range of ta i l -pipe  fuel-air   ra t ios  
narrowed 88 the altitude w a s  increased above 35,000 feet. The use at' 
an internal cooling  liner  extending throughout the  length of the 
burner aection provided  adequate shell cooling at al l  flight con- 
ditions  investigated. 
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In an extensive  research pro@-= on thrust  augmentation being 
conducted at the NACA Lewis laboratory,  investigations  (references 1 
t o  4) have sham that u t i l i za t ion  of the  tail-pipe-burning  cycle 
a practical  m e a m  of increasing  the  thrust of turbojet  engines. 
part of t h i s  research program, an investig8tion of the effect  of 
tail-pipe-burner  design  veriables on burner performance and 
operation ov8r a wide range of simulated flight conditioner XBS 
conducted i n  the Lewis al t i tude w i n d  tunnel. One phaee of' th i s  
investigation is eummarized in  reference 5 and mother pham is 
presented in this report. 

In  order  to  obtain inf'onnation that could be applied in the 
desi@ aP tai l-pipe burnera, a study vae made t o  detamine the effect  
of flame-holder  design, method of fuel  inJection, a d  burner 
dimensions on the following burner  ,requirements: 

1. Maximum thrust w i t h  high combuetion efficiency 

2. Stable  burner operation over a wide range of fue l -a i r  
ratios and f li&t conditions 

3. Adequate tail-pipe  cooling 

5. Minlmum loss in thrust w i t h  burner  inoperative 

The investigations  reported  in  references 1 t o  4 were largely 
explorst'ory and primary consideration ua8 given t o  burner  requirements 
1 and 2.  The resul ts  of these  exploratory  inveetigatiom provided the 
necessary background for  investigations in which a l l  the  afore- 
mentioned burner  requirements are considered. 

The performance and operational  oharacteristice af a tai l-pipe 
burner  having a converging conical  burner  section of 29l-inch marirmurt 
diameter on a 535-A-5 turbojet e-ne were determined and are reported 
herein. The geanetry of the  tai l-pipe burner XBB dictated by the 
design requirements for fueelage  installation  in a specif IC airplane. 
Three fuel eyeteme, three flame holders, a cooling  liner, and a tail- 
pipe  ignition system were Investigated i n  th i s  burner w i t h  a fixed- 
area exhaust nozzle. With each configuration, data were obtained over 
a range of simulated f li&t conditions and ta i l -pipe  fuel-air   ra t io8 . 

c -  
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Comparative data are wesented  to show the effect  of fue l   d i e -  
t r ibut ion d the  type.&  the  size of flame holder on tai l-pipe 
burner efficiency and exhwt-gas  temperature. Date are presented 
t o  show the pezfo-ce variation  with  altitude and flight Mach 
number for  the  conffgurations  investigated that had the highest 
cambustion efficiency. The over-all perPomame of these configu- 

inch-diameter cylindrical t a i l -p ip  burner reported in reference 5. 
The al t i tude blow-out characterist ics,   tal l-pipe shell cooling, and 

rations 58 C a w e d  W i t h  that Orp a E W i M  configuration Of the 29- 

t a i l - p i p e  fuel ignition also d i 8 C U B E e d .  

The 535-A-5 engine used in th i s  investigation has a sea-level 
s t a t i c  thrust of 4OOO p d  at a rated engine speed of 7700 rp and a 
turbine-outlet  temperature of 1250' F (1710' R )  . At t h i s  ope ra tbg  
condition,  the air flow is approximately 75 pounds per second and the 
f u e l  consumption is 4400 pounds per hour. The over-all length of the 
engine with  the standard en@;ine tail pipe is about 15 feet and the max- 
imum diameter i 8  about 38 inches. The main ccmpnents of the engine 

' are an ll-stage axial-flaw ocanpressor, efght oylindricsl   direct-f  low- 
type combustion chambers, a alngle-stage turbine, a tail pipe, alsd a 
fixed-area eust nozzle. The rated operating coadition of' t he  
standard engine was obtained with a 16~-lnch-diameter exhaust nozzle. 

8 
Fuel oonf'onnlng to   specif icatfon AN-F-32 w i t h  a lower heat- 

value of' 18,550 B t u  per pound and a hydrogen-carbon raeio of 0.155 
was  used in the engine. Fuel conforming to   specif icat ion AE-F-Ub, 
grade 80, unleaded gaaoline with a lower heating  value af 19,OOO Btu 
per pound and a hydrogen-carbon r a t i o  of 0.186 wae used in  the 
tai l-pipe burner. 

Ins ta l la t ion  

For this  inmatigation,  the  staakA-engine t a i l  pipe was replaced 
by a tail-pipe-burner aasembly attached t o  the  d0wmtream.f lange of the  
turbine casing. The engine and the  tai l-pipe burner were mounted on a 
wing section that spanned the 20-foot-diameter test section of' the 
sltieude w t r d  tunnel (fig. I). ITI order t o  provide a~Ce68 ib i l i t y   fo r  
instrumentation and modification, PO cowling xas installed. 



4 - NACA RM E9116 

-ne-inlet air  pressures corresponding to a l t i tude  flight 
condftiolne were simulated by in t rduc ing  dry refrigerated air 
from the  tunnel make-up air system through a duct t o  the engine 
inlet. A i r  waa thrott led frcun approximately sea-level pressure 
to the desired pressure at the e q i n e  inlet while the s t a t i o  
pressure in the tunnel test section waa maintained t o  correspond 
to the desired alt i tude.  A s l ip   Jo in t  with a labyrinth sea l  wae 
wed in the duct,  thereby m a k i n g  poesible thrust and installation- 

meetElureanents with the tunnel scales. 

Tail-Pipe-Burner Aseembly 

The shape of the tai l -pipe burmer discuesed i n  this r e m  xa8 
deeigned t o  accammodate fuselage instetllatian in a epecific s..rrplane. 
The over-all length of the engine and the tail-pipe  burner wa8 approx- 
imately 21 feet .  The tail-pipe-burner assemblyI U feet, 7~ inches 
long, consisted of three sect im:  (1) a diffuser section conaistin6r; 
of an annul= diffuwr and a conical diffuser separated by a shod  
cylindric&  section; (2) a burner section-consisting of a converqing 
conical  sectton followed by a cylindricd  section; and (3) a conic& 
exhaust nozzle. The shell thiclmess was 0.38 inch  for  the difflmer 
a~ burner sections asld 0.062 inch  for the exhaust  nozzle.  Important 
dimensions of the assambly are s h m  in figure 2. The flame holder 
was located 6 inches upstream of the burner-sectiun maximum diamster. 
The ratio of mea at the plane of the flame holder t o  area at  the 
turbine out le t  vas 1.65. A variable-area exhaust nozzle that would 
operate  satisfactorily with tai l-pipe burning w a ~  unavailable at the 
time of the investigation; a conical exhaust nozzle with a fixed 
out le t  diameter of 2% inchee was therefore wed. 

1 

Three different Fuel syetema and three flame holdere were inves- 
t igated in  the  f ive configurations discussed in t h i s  report .  Details 
and photographs of the fuel systems are e h m  In figure6 3 asd 4, 
flame-holder details and photographs are ahawn in figures 5 and 6. 
The combination of fuel system and flame holder used i n  each config- 
uration is presented i n  the following table: 



NACA RM E9116 5 . 
Tail-pipe fuel system Flame Flow 8x68 I f Con- igu- I blocked 

r a t  ion spray  to 
flame 
holder 

(inches) 

by flame 
holder 

(percent ) 

A 29.1 Medim t ~ 0 - V  205 I - Conical spray nozzle 5 

B 29.1 Medium two-v 235 - I1 - Impinging-jet  injectors 

C 2385 I11 - Impinging-Jet injectors M e d i u m  two-V 

Large two-V 232 I11 - Impinging-Jet injectors D 

29 .I 

111 - Im-pingMg-Jet injectore E 

30.3 

23g Octagonal 18.6 
8 

Two other  configurations also investigated are not discussed because 
the performance and the  operational  characteristics were unsatle- 
factory. I n  one of these conf'igurations, the  octagonal  flame  holder 
was wed with f u e l  eystem I. In  the other configuration, a semi- 
toroidal flame holder blocking 16.3 percent of the flow area ma 
used with fuel system I ccmbined with two rows of auxiliary conical 
spray nozzles lobated on the  surface the inner bw of the 
annulax diffuser.  Each row contained 20 nozzles  rated at  40 gallons 
per hour. 

Fuel-system. - Fuel system I (fig. 3(a)) consisted of a 13i-inch- 
diameter  ring of 20 conical  sprw nozzles rated at 40 gallons per 
hour at a di f fe ren t ia l  pressure of 1'30 pounds per square  inch.  Fuel 
system I1 (fig.  3(b)) consisted of a set  of 20 fuel injectors each ' 

containing two sets of impinging je ts .  The j e t s  were  so located 
tha t  a reasonably uniform fuel-air  mixture could be obtained  over  the 
flame holder and over-heating of the  burner  shell could be prevented 
by keeping the  region near the  pheriphery  essentially  free of fue l .  
In f u e l  system 111 (fig. 3 ( c ) ) ,  f ive  of the  injectors of fuel 
system I1 were replaced by injectors  havtng an additional set  of jets 
at the center of t he  burner to  improve flame s t ab i l i t y ,  Fuel wa8 
injected in the  damstream  direction with 8jrSteItI .  

Flame holders. - The three flame holders used i n  this inveati- 
gation (figs. 5 and 6 )  are designaked large two-V, medium tWO-v, 
and octagonal flame holders. These flme holders are ident ical  t o  
flame holders of t he  sane designations  described  in  reference 5. 
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The medium and large two-V flame holder8 each consisted of two 
annular-V-type gutter8 Joined by four radial gutters between the 
annuli and supported by four radial  struts secured to  the tai l-  
pipe  skin. The octagcgml flame  holder had a semicircular  cross 
sect ion  that  was f la t  on the darnetream side. This flame  holder 
wae deeiwed  to  sWulate  the  semitoroidal flame holder  described 
in  references 3 and 4.  

Tail-pipe-burner  cooling. - In  order to  provide a method of 
tail-pipe  shell   cooling  that  would be p rac t i ca l   fo r   f l i gh t  instal- 
lation, a l i ne r  made  of 0.062-inch Incanel was installed inside 
the tail-pipe-burner shell, aa shown in figures 2 and 6(a). The 
radial width of the  space between the  l iner an3 the  burner  ahell 
was approximately 112 inch. About 6  percent of the  tail-pipe gae 
flowed  through th is  space at approxlmately turbine-outlet   taper- 
ature t o  cool  the burner shell. In  configurations A and B, the 
l i ne r  extended from the maximum diameter, 6 inches downetream  of 
the flame holder, to the exhaust-nozzle inlet.  In  configurations 
C, D, W E ,  the l i ne r  waa lengthened t o  extend flvm 2- inches 
u-patream of the flame holder  to the exhaus t-nozzle  inlet. More 
exteneive  experimental resul ts  czf' cooling-liner  inveEtigatione, 
including methods af oonstruction, 8x0 discussed in  reference 5. 

1 
2 

Ignition  sptem. - I n  order t o  provide an ignition flame f o r  
the  tail-pipe  burner, a spark-ignition  pilot  burner similar t o  
one described in reference 5 w&8 installed, as shown in figure 2. 
A sheltered  ignition reglon was provided at the damstream end of 
the diffuser  inner body by a semispherical  depression 6- 1 inches in  
diameter and a 2-inch  extension. A spark plug waa installed 
through the exteneion and a 10-gallon-per-hour conical  fuel-spray 
nozzle ~ & 8  installed  in  the  center of the pilot  burner.  Additional 
f u e l  W&B supplied when necseeary by a supplmentary fuel syetem 
consisting of 20 conical  spray  nozzles rated at 40 galloria per hour 
and located on the  eurface of' the  diffuser  inner body. 

4 

When failure of the spark plug  rendered the  pilot  burner 
inoperative, it w a s  necessary t o  use a stand-by method of ignition 
i n  which the tail-pipe fuel  w a s  ignited by  means  of a rapid engine 
acceleration aP about 500 rm. 

. 
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. ” Instrumentation 

Pressure and temperature  instrumentatim WBB installed at 
several  measuring stations  in  the engine and t h e  tai l-pipe burner. 
Cross sections of the measuring stations  indicating  the  location 
of the  instrumentation are shown in figure 7. Engine air flow W ~ B  
measured by the u8e of aurvey  rakes mounted at  the engine inlet, 
s ta t ion  1. A complete pressure & temperature survey was 
obtained at  the  turbine  outlet ,   station 6, and static-pressure 
measurements were  made  at the  burner-section inlet, statim 7. A 
total-pressure s m e y  was obtained I inch upstream of the exhaust- 
nozzle  outlet,  station 8, with a water-cooled survey  rake. 
Engine fue l  flow and tail-pipe-burner fuel flow were measured by 
calibrated  rotameters. 

All tail-pipe-burner performance data  were obtained  with  the 
engine  operating at rated speed, 7700 rpu. Each tail-pipe-bmer 
configuration was operated  over a range of fuel-air ratios at the 
f ollaring simulated flight conditions : 

Altitude C o s  igurat ion Average 
( i t )  Flight Mach 

number, 
Mn 

15,000 
25 , 000 
25,000 
2 5,000 
35,000 

1.06 
A B  

C D  
C D  
C D  

E 

E 
E’ 

E 
E - 

Dry refr igerated  afr  waa supplfed t o  the engine at the  atand- 
ard temperature for each fU&t condition  except  that  the minimum 
temperature  obtained w8.s about -200 F. Total pressure at the 
engine i n l e t  was regulated t o  correspond t o  the pressure t ha t  would 
exis t  w i t h  complete free-stream ram-pressure  recovery at each 
flight condition. 
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An approximate check on the performance of each configuration. 
waa made at intervals  during  the  investigation. E the check 
indicated that the peflormance of the configuration w a s  re lat ively 
good at two o r  three flight conditions, and provided the  operational 
characterisi t lcs &re satisfactory,   further data were then 
obtained over a wide range of fltght  conditions. Data obtained 
with each confignation axe given in   t ab le  I. 

Because a l l  the  data were obtained w i t h  a f ixed-area exhaust 
nozzle,  limiting  turbine-outlet f;emperature could be  obtained w i t h  
each configuration at only one value of ta i l -pipe  fuel-air   ra t io  
at each f l i&t  condition. The burner performance presented for 
each configuration  therefore does not  represent  the performance 
tha t  might be obtained w i t h  a variable-area exhauet  nozzle. The 
use at a fixed-area exhaust  nozzle,-however, provided the  moat 
expeditious meam  of comparing the performance of the vazioua 
modifications.  Over-all pereormance is presented aa a function 
of flight Mach number a t  a turbine-outlet temperature of 1650° R. 

Au@nented-tmt measurement8 were obtained fran the  balance 
scales and also f rm the  pressure survey 8t the  exh8ust-nozzle 
outlet .  The values of aumented thrust presented were determined 
from balance-scale measurements and therefore  include  the  effect 
of losses in the exhaust jet. Exhaust-gas temperatures  preeented 
were calculated frm total-pressure measurements at the exhaust- 
nozzle  outlet by wing an experimentally  determined flow 
coefficient. The cmbuetion  efficiencies  presented are based.  on 
these  temperatures. 

Symbolrr used i n  the report and methods of calculation used' 
for  the  reduotion of the data  are presented i n  the appendix. The 
probable limits of e r ror   in  the calculated  values of jet  thrust ,  
exhaust-gas temperature, and combustion efficiency are fli, f3, 
and f 5  percent,  respectively. The jet-velocity  coefficient, wbich 
accounts for   veloci ty  losses in   the  exhaust j e t ,  waa calculated 
from ecale Jet thruet &nd rake je t  thru8t a x 3  i e  presented in  the 
appendix as a function of nozzle preseure ratio. 

Tail-pipe-burner perf'ozmance vaxiables, which include can- 
bwtion  efficiency and exhaust-gas temperature, and burner-inlet 
conditions, which include the burner-section-inlet  wlocity and 
the  turbine-outlet  total  pressure and temperature, are  preaented 
as functions Os ta i l -pipe  fuel-air   ra t io .  The tai l-pipe  fuel-air  
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r a t i o  used herein is defined as the r a t i o  of t a i l -p ipe   fue l  flow 
t o  unburned air flow entering  the  tail-pipe burner, a8 shown i n  
the  appendix (equation ( 7 ) i .  Over-all performance et a turbine- 
o u t l e t   t a p e r a t w e  of 1650 X is presented showing the  variation of 
the  au@plented-thrut  ratio,  exhaust-gas  temperature,  tail-pipe com- 
bustion  eff  iciency, a d  specif i o   f u e l  consumption w i t h  f l i g h t  Mach 
number.  Combustion blow-out limits, which determine the operable 
range of ta i l -pipe  fuel-air   ra t ios ,  are presented as a function of 
a l t i tude .  

Canparison of Configurations 

Fuel  distribution. - The effect  aP changes i n  the fuel dis-  
t r ibut ion on combustion efficfency and exhaust-@ t o t a l   t a p e r -  
a ture  is shown i n  figures 8 and 9, respectively. A t  a l l  a l t i tudes , 

investigated,  the more uniform m i x t u r e  of f u e l  and air afforded by 
configurations B asld C g a ~ e  peak canbustion  efficiencies  that were 
0.03 t o  0.13 higher  than  for  configuration A, in  which t h e   f u e l  
dis t r ibut ion w a s  stratified. Improving the uniformity of the mix- 
ture also raised the  ta i l -p ipe   fue l -a i r   ra t io  a t  which the peak 
cmbwtion  efficiency occurred fran a range of 0.020 t o  0.025 for 
configuration A t o  a range of 0.035 t o  0.040 for configurations B 
and C. A t  fue l -a i r   ra t ios  above 0.025, the cmbwtion  efficiency 
w a s  89 much 88 0.05 higher  with  configuration C than with configu- 
ra t ion  B. The effect  of fue l   d i s t r ibu t ion  on exhaust-gas t o t a l  
temperature (fig. 9) WBB simflar to   t he   e f f ec t  on cambustion 
efficiency. A t  fuel-afr   ra t ioa above 0.030, the  higheet exhaust- 
gas t o t a l  temperature at a l l  al t i tudes WBB obtained w i t h  c.m- 
figuration C. 

Flame holders. - The  combined effect  of f lame-holder type and 
blocked area on canbustion  efficiency an3 e-t-gaa t o t a l  temper- 
ature is shown I n  figures 10 and ll, re8pectively. A t  all al t i tudes 
the greater f lame-holdfng swface  afforded by configurations C and 
D, which had the two-V flame holders,  resulted  in peak cambustion 
efficiencfes 0.07 t o  0.10 higher  than  for  configmation E, which 
had the oc teona l  flame holder. Peak canbustion  efficiencies were 
obtained at t a i l - p i p e  fuel-air   ra t ios   f rcm 0.035 t o  0.043. 
Increasfng  the blocked area by 1.2 percent f rm the m e d i u m  t o   t he  
large two-V flame holder caused a variation of leas than 0.02 in 
tail-pipe  canbustion  efficiency. The ef fec t  aP flame-holder 
changes on exhaust-- t o t a l  temperature (fig. 11) w a s  a imi lm  to  
the  effect  on canbustion  efficiency. A t  a l l  fuel-air   ra t ios ,   the  
highest  temperature8 were obtained  with  cohfigurations C and D a t  
all al t i tudes.  . . .  
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Data f o r  conf'iguration C are presented in  fi@res 12 t o  15 
t o  show the variation of tail-pipe-burner-inlet  conditione  xith 
a l t i tude and f l i g h t  Mach  number and t o  demonstrate the effect  of 
the  burner-inlet  conditions on the combustion efficiency and 
exhaust-gaa t o t a l  temperature. 

Effect of alt i tude.  - As the   ta i l -pipe  fuel-air   ra t io  waa 
increased a t  each altitude,  the  burner-section-inlet  velocity 
increased slightly, the turbine-outlet  total  tmperature  increased 
measurably,  except at an al t i tude of 45,000 feet ,  and the  turbine- 

value aP t a i l -p ipe   fue l - a i r   r a t io ,   i nc reasa  altitude f r m  5000 t o  
45,000 f ee t  at a fli@pt Mach  number  of 0.27 had no effect  on burner- 
inlet  velocity  but reduced the  turbine-outlet total temperature 
considerably and decreamd  the  turbiae-outlet  total  preesure  approxi- 
mately in proportion t o  the change in   a l t i t ude  pressure. 

O U t l e t  t o t a l  pre6EWe increased Sli&tu (f ig .  1 2 ) .  A t  & C O l l E t 8 I l t  

As the fue l -a i r   ra t io  ma increaed at a l t i tudes from 5000 t o  
25,000 feet, the  cmbuetion effioiency (fig.   =(a))  rapidly increased 
t o  a peak value and remained relatively  constant over a range of t a i l -  
p i p e  fuel-air   ra t ios  frm 0.030 t o  0.045. This trend also existed 
a t  an a l t i t u d e  of 35,000 feet, although data were not  obtained a t  
the low fiel-aJr rat ios .  A t  an a l t i tude  of 45,000 feet, however, 
the combuetfon efficiency  decreased  steadily as the f u e l - a l r  r a t i o  
was increased f rm t h e  minimum t o  maximum limits of operation. A t  
a given tail-pipe fuel-air ratio,  reducing  the  turbine-outlet  pres- 
sure by increasing  the  a l t i tude  larored  the  ta l l -pip combustion 
efficiency; at turbine-outlet  total pressures below 1000 p o d e  
per square foot   th i s  effect WBS more pronounced than at hi&er 
pressures. A t  8 fue l - a i r   r a t io  of 0.036, the  canbustion eff 3- 
ciency  (fig. 13(a)) waa reduced frm 0.83 to 0.72 when the turbine- 
ou t l e t   t o t a l  preesure ( f ig .  12(c)) was decreased from 3300 t o  
1050 pounde per square foot by increasing the a l t i tude  from 5000 
t o  35,000 feet at a flight Mach number of 0.27; at the same fuel-  
air rat io ,  further decreasing the turbine-outlet   total  preesure 
frm 1050 t o  575 pounds per squ-ae"Toot by increasin@; the a l t i tude  
from 35,000 t o  45,000 f ee t  lowered the cadus t ion  efficiency from 
0.72 t o  0.56. 

The exhaust-gas t o t a l  temperature (fig 13(b))  increased with 
ta i l -pipe  fuel-air   ra t io  at all altitudes except 45,000 feet. The 
effect  of changes in   a l t i tude  and the  attendant changes in  turbine- 
ou t le t   to ta l  pressure on exhatust-w t o t a l  temperature waa similar 
t o  the  effect  on combustion efficiency, with the  highest  temperatures 
for a given fuel-air r a t i o  occurring at the  higheet  turbine-outlet 
t o t a l  preeeure . 
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Effect of flight Mach mmber. - Tail-pipe-burner-inlet con- 
d i t i o n s  are   plot ted  against   ta i l -pipe  fuel-air   ra t io  f o r  a range 
of' f l i g h t  Mach Zlumbers a t  an a l t i tude  of 25,000 f e e t  in f igure 14. 
As the flight Mach  number w a s  increased  from 0.27 t g  1.06 at a 
constant  tail-pipe f uel-air  ratio,  the  burner-section-inlet  velooitg 
remained constant,  the  turbine-outlet  total  temperature  increased 
about 20° R, and the  turbine-outlet   total  pmeeure increaaed  appoxi- 
mately in proportion t o  the cnmgressor-inlet t o t a l  pressure. Vary- 
ing  the  turbine-outlet  total pressure by changfng t h e   f l i g h t  Mach 
number at a conetant  fuel-air   ratio had the same effect on the tail- 
pipe cmbuation  efficiency and exhaust -gas t o t a l  temperature 
( f ig .  15) aa variations  in  turbine-outlet total pressure. due t o  
changes in al t i tude  ( f ig .  13). Reducing the  turbine-outlet total 
pressure from about 3050 t o  1700 poumls per square foot at a fuel-  
air r a t i o  of 0.036 by changing the flight Mach  number frm 1.06 t o  
0.27 at an altitude of 25,000 f ee t   ( f i g .  14(c)) reduced the tail- 
pipe combustion efficiency from 0.87 to 0.76 (fig. 15(a)) and 
decreased the e-t-gas t o t a l  temperature frcm 300O0 t o  2760° R 
( f i e  15(b) 1 

Over-All PerPonnance 

Over-all performance obtained with configwations C and D, 
i n  which two-'V flame holders were wed,  is gwesented in   f igure  16 
f o r  a turbine-outlet  total  temperattue of 1650' R, the  highest 
temperature at which data were available for cross-plotting. 
These resul ts  a,re ccpnpared wfth data from reference 5 for the  per- 
formance obtained w i t h  the b g e  two-V flame holder i n  a tail- 
pipe-burner assembly 8 feet, 9  inches long w i t h  a 29-inch-diameter 
cylindrical  burner  sectfon. The 29-inch-diameter tail-pipe  burner 
had the same exhaust-nozzle-outlet area as configurations C and D. 
The performance data  presented are significant only fo r  the s ize  
exhaust  nozzle used in th i s  investigation. With a larger exhaust- 
nozzle-outlet area at  the same turbine-outlet  temperature,  higher 
t h r u s t  and exhaust-gas t o t a l  temperature could be obtained;  higher 
tail-pipe  fuel-air  r a t i o s  would be required; and the specif ic   fuel  
consumptian would a lso  increase. 

The augmented-thrust r a t i o  is s h m  in  figure 16(a) for a 
range of flight Mach numbers at an a l t i t u d e  of 25,000 feet .  The 
augmented-thrust r a t i o  is defined as the r a t i o  of net t h rus t  
obtained  with  tail-pipe  burning t:, the net t h r u s t  obtalned w i t h  the 
standard-engine t a i l  pipe. At a f l i g h t  Mach number of 0.27, the 
augmented-thrust r a t i o  of configurations C and D W ~ S  1.43 as can- 
pared with 1.45 for the 29-inch-diameter  burner. A t  a f l i g h t  
Mach number of 0.90, the   ra t io  had increased to 1.63 with con- 
figurations C and D as compared t:, 1.66 w i t h  the 29-inch-diameter 
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burner. The auepented-thrust ratio  for  configurations C and D waa 
1.64 at a flight Mach number  of 1.06. 'REI augmented-thrua t rat i o  
w a s  lower for   the  converging conical  tail.-pipe.burner  than for the 
29-inch-diameter  cylimirical  burner  because  the  greater  tail-pipe 
length and the converging  shape of the  burner  eection caused an 
increase  in the total-pressure-loss  ratio. A t  the  operating con- 
dit ions  sharn  in f i v e  16, the  pressure loss was about 0.085 of 
the turbine-outlet  total preseure in configurations C and D 88 
compared t o  0.055 i n  the 29-inch-diameter cylindrical   tai l-pipe 
burner. 

Exhaust-gas t o t a l  temperature 18 8 h m  i n  figure 16(b) f o r  a 
range of f l i gh t  Mach numbers at an al t i tude of  25,000 feet .  The 
exhaust-gas t o t a l  temperature with conf'igwationa C and D increased 
from 3030° R at a flight Mach  number af 0.27 t o  3150° R at a flight 
Mach  number of 0.90, and t o  3290° R at a f l i g h t  Mach  number of 
1.06. Over the range of f l i g h t  Mach number8 from 0.27 to 0.90, the 
temperature  with the 29-inch-diameter burner increased from 3160 to  
3290O.R. Tall-pipe coslbustion efficiency a t  the aforementioned 
conditions is shown in f l v  16(c). As the fli&t Mach  number 
increased frm 0.27 t o  1.06, the  canbustion  efficiency f o r  configu- 
ratione C and D increaeed frm 0.74 t o  0.89. Canbustion efficiency 
f o r  the 29-inch-diameter  burner w a s  approximately 0.81 a t  a l l  flight 
Mach  numbem from 0.27 t o  0.90. 

Specific fuel consumption based on net  thrust is ahown i n  
figure  16(d)  for a range of flight Mach  number8 at 821 a l t i tude  of 
25,000 fee t .  The specific  fuel  conamption  for  configurations C 
and D increased from 2.38 t o  2.43 8s the flight Mach number 
increased from 0.27 t o  0.65 and decreased t o  2.32 at a flight 
Mach  number of 1.06. The specific fuel consumption obtained  with 
the 29-inch-diameter  burner  increased from 2.38 to 2 . M  88 the 
f l i&t  Mach  number increased from 0.27 t o  0.90. The specific 
f u e l  consumption obtained  with  the  stand&-engine tail pipe 
increased from 1.18 t o  1.33 as the flight Mach  number w a s  raised 
from 0.27 t o  1.06. 

Operational  Characteris t i c s  

Combustion limits. - Tall-pipe  fuel-air  ratios at which com- 
bustion blow-out was encountered at a l t i tudes frm 5000 to  45,000 
f e e t  a d  a fliat Mach  number of 0.27 are shown for  configurakone C, 
D, and E i n  figure 17. A t  al t i tudes up t o  35,000 fee t ,  the range of 
tail-pipe  fuel-air ratios over which the  burner  could  be  oporated 
with  the  fixed-area  exhaust nozzle extended from fue l -a i r  ratios 
at which lean combustion blow-out occurred Lo fuel-air  ratios at 

c 
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which the  turbine-outlet   total  temperature approached the  limit- 
ing value. At a l t i tudes  above 35,000 feet, the range of operation 
extended f ran   fue l -a i r   ra t ios  a t  which lean combustion blow-out 
occurred to fuel-air  ratios at which rich combwtion blar-out was 
encountered. A t  each al t i tude,  the lean combustion limit occurred 
a t  about the same fuel-air   ra t io   for   a l l   configurat ions.   Fuel-air  
ratios f o r  lean blow-out varied from  about 0.021 at an a l t i tude  of 
5000 f e e t   t o  0.014 at an al t i tude of 35,000 f e e t  and 0.037 at an 
a l t i tude  of 45,000 f e e t .  Rich  combustion blow-out with  configu- 
ra t ion C was encountered at a t a i l -p ipe   fue l -a i r   ra t io  of about 
0.076 at a l t i tudes  cf 37,500 t o  45,000 f ee t ;   r i ch  blow-out with 
configuration E occurred a t  fue l - a i r  ra t ios  of 0.064 and 0.053 at 
35,000 and 42,500 feet,  respectively. No r i ch  combustion blm-out 
data were obtained for  configuration D. 

By use of a variable-area exhaust nozzle, the  turbine-outlet 
temperature limit m i g h t  be shif ted t o  higher   fuel-air   ra t ios  by 
increasing  the  exhauat-nozzle-outlet  area. It is also possible 
that the lean blow-out limiter would be shifted to lower fue l -a i r  
ra t ios  by decreasing the exhaust-nozkle-outlet area and thereby 
maintaining  higher  pressures and temperatures a t  the  tail-pipe- 
burner  inlet. 

Tail-pipe coolin&. - Although the conical 'shape of the burner 
section cnmplfcated the fabrication and t he  inatal la t ion of the 
cooling  liner In thla  tail-pipe  burner, the cooling provided com- 
pared aatfsfactorily  with that obtained in   the  cyl indrical  burner 
section  reported in  reference 5. Memurements indicated that  
about 6 percent of the  turbine-outlet gas passed through the 
1/2-inch space between the  burner  shell and the  cooling  liner. 
By t h i s  method of cooling, shell temperatures lower than 1700' B 
were maintained at a l l  flight conditions  investigated. The tempera- 
ture of the  l iner  was considerably  higher  than the temperature of 
the   shel l ;  because it wa8 not  required to   carry any appreciable 
s t resses ,   the   l fner  ~ 8 8  able t o  withstand  very  hi&  temperatures. 

Several   failures of the   l iner  encountered in the e a r l y  stages 
of the investigation indicated tha t   the   l iner  shou3d not be r igidly 
secured t o  the  burner shell becaue  different ia l  expansion between 
the two surfaces  resulted  in severe warpage of the liner. In 
subsequent phaees of the inveetigation, methods of' supporting  the 
l i ne r  were found that allowed the   l iner   to  "float" imide the 
burner  (reference 5). Occasional  buckling of the liner was also 
caused by a pressure di f fe ren t ia l   tha t  forced the   l iner  to collapae 
inwardly. 
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The maximum life of the cooling  liners wed in the configu- 
ratims discussed was about 10 hours of tail-pipe burner operation. 
In later investigations, improvements in design and support of the 
l iner  extended the l i f e  t o  about 20 hours. 

Tail-pipe  fuel  ignition. - The pilot  burner  in the diffuser 
inner body, which included a fuel apray nozzle and a spark plug, 
waa operable at reduced englne speeds up t o  an al t i tude af 
32,000 feet. Ignition of the ta i l -pipe  fuel  wae accomplished by 
the pllot  burner at 25,000 feet w i t h  an englne speed of 7000 rpn 
and at 30,000 feet wlth an engine speed af 6000 rgm. Use of the 
supplementary fuel system WBB not  required for   igni t ion at alti- 
tudes above 25,000 feet. The pilot-burner spark plug often failed 
f'rm vibration an8 hi@ temperature; consequently, thie iepi t lon 
system x88 unreliable. 

The &&-by method aP ignit ing the ta i l -pipe  fuel ,  which 
consistently provided ignition at a l l  flight .conditions, consieted 
of a rapid engine acceleration ,aP about 500 rpn resul t ing   in  a 
burst  of flame through the  turbine and into  the tail pipe.   Imit ion 
of the tai l-pipe fuel by thl~ method occasionally  resulted in  blow- 
out i n  the engine canbustion chambers at an altitude aP 45,000 feet. 
Although this methdl waa satisfactory f o r  experimental work, it l e  
unsui table   for   tact ical  we .  From experience with thie  method, 
however, a reliable and suitable tail-pipe-burner  iepition system 
waa developed and is reported in  reference 5. 

The following  result8 were obtained frm an hmestigation of 
a tall-pipe burner with a converging  conical burner section e& a 
f fxed-area exhaust nozzle on a J 3 5 - A S  turbojet  engine i n  the RACA 
Lewis altitude wind tunnel: 

1. The most eff ic ient  burner perfomname and the wideet raage 
of' operable fuel-air ra t ios  were obtained with c&iguratioae in  
which fuel injeutors that gave re lat ively Unifomn dis t r ibut ion af 
the tatl-pipe fuel-air mixture were wed with annular-V-gutter type 
flame  holdera blocking about 30 percent of the  burner cro88- 
sectional area. 

2. W i t h  a given tal l-pipe fUel-8ir ratio, lowering the 
turbine-outlet  totetl preeeure, e i ther  by BP increase in altitude 
or  by a decrease in flight Mach number, redwed the  tai l-pipe 
combustion efficiency and the exhaust-gaa t o t a l  temmrature. 

4 
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Tail-pipe canbustion,  efficiency was adversely affected t o  a 
greater  extent by reductione in turbine-outlet pressure below 
about 1000 pounds per sqme  foot  than at higher pressures . 

3. A t  an altitude of 25,000 f e e t  and w f t h  a turbine-outlet  
t enp ra tu re  of 1650° R, the r a t i o  of a-nted thrust t o  normal 
thruet increaeed fran 1.43 at 8 flight Mach number of 0.27 t o  
1.64 at a flight Mach number of 1.06. Over the same range af 
flight Mach nmbers, the exhaust-gae temperature  increased fmm 
3030' t o  3290' B and the  tail-pipe  canbustion  efficiency  increased 
from 0.74 t o  0.89. The specif ic  fuel consumption baaed on net 
thrust  increased f r m  2.37 at 8 flight Mach number of 0.27 t o  
2.43 at a f l i@ Mach number 0.65 aad then deoreaeed t o  2.32 
at  a flight Mach number of 1.06. 

4. A t  a f li&t Mach number of' 0.27, the operable  range of 
ta i l -pipe  fuel-air  ratios narrowed aa the  altitude was inoreaaed 
above 35,000 f ee t .  A t  45,000 fee t ,  the operating range of the 
best  configuration waa limited to fuel-afr  ratios between 0.037 
and 0.076 by lean and rich blow-out limits. 

5. The use of 811 internal oooling liner exbending the full 
length of the burner eeo t im (approximately 60 in. ) with a 1/2-inch 
space between the  l i n e r  and the burner ehell provided adequate ehell 
cooling at all f l lght  ooraditione investigated. 

Levis Flight Propuleion  Laboratory, 

C leve land, Ohio - Rational Advieory Ccamaittee f o r  Aeronautics, 
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Symbols 

NACA RM E9116 

A 

B 

Cd 

CT 

D 

9. 

"J 
FIl 

f /a 

g 

H 

hC 

M 

P 

' 8  ' 

P 

R 

T 

cross-swtional  area, sq ft 

jet-velooity  coefficient,  ratio of actual Jet  velocity t o  
ideal jet  velocity dter expinsion t o  free-stream  static 
pressure 

thermal-expneion  ratio,  ratio  of  hot-exhaust-nozzle-outlet 
area to oold-dxauet-nozzle-outlet area 

& e m 1  dmg of inetallation,  lb 

drag of exhaust-nozzle survey rake, lb 

jet thrwt, lb 

net th.ruet, lb 

f uel-air  ratio 

acceleration due to gravity, 32.2 f t / seo2  

total  enthalpy,  Btu/lb 

lower heating value af fuel,  Btu/lb 

Mach number 

total pTeseure, lb/eq ft  absolute 

total pressure at  exhaust-nozzle surveg station in 
etand8,rd-engine tail pipe, lb/sq ft absolute 

statio pressure, lb/eq ft abeolute 

gas constant,  ft-lb/(lb)(OR) 

total  temperature, OR 
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hdicated tgmDerature, OR 

static temperature, OR 

velocity, f t / s e o  

a i r  flow, lb/sec 

beazing cooling-air flow, lb/aec 

fuel flaw, lb/& 

specific fuel oonemption baaed on to ta l  fuel flow and net 
thrust, lb/(hr) (lb t-t) 

gae flow, lb/aec 

ratio of‘ specffic heats for gases 

ccmibustian ef‘fioienoy 

ertatic density, s l u & u  ft 

Subscripts: 

a air 

6 scale 

t tail-pipe lnmler 

X inlet duct at  labyrinth elip joint 

0 f ree-stream conditions 

- .  
I 
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3 engiae cambustian-ohamber inlet 

6 turbine outlet (biffusea. inlet)  

7 burner-swtion inlet, 2 inches upstream OCP flame-holder 
P- 

4 

9 exbaust-nozzle outlet 

bfethode arP Calculatian 

The equivalent free-stream total  temperature was assumed equal to 
the ocmtpressar-Wet indiaated tampemture. The w e  of' this 
assunption intmduoes an error ia airspeed of less than 1 p m e n t .  

Air flow. - Air flow at the engine inlet uas determined fmm 
pressure and t m t u r e  mes8ureuuents  obtelned with four eurvey 
rakes in the inlet anntil.us. The following equation wae used for 
oalaulatlan ae air flow: 
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Bearing cooling a i r  was bled frum the oo~np-esaor in a quantity 
apprOximEte3.y equal t o  the w i n e  fuel flaw. The air flow entering 
the angine canbtmtian ohamber -8 therefore  calculated as follcms: 

I-tures. - Statio temperrttures were  calculated fram 
indicated temperatures by the adiabatic  relation betweern tampera- 
ture and pressure, us- an impact reoovery factor that had been 
detemfned as 0.85 fo r  the type cxf thennocouple used: 

w&S 
?TaS 
and 
air  

mil-pipe fuel-air  ratio. - The tail-pipe fuel-air m t i o  used 
here& is cl&ined a8 the weight flow of fuel injected in the tail- 
pipe burner divided by the weight flaw of unburned air entering 
the  tail-pipe burner fm the engine, Weight flow d unb- air 

dete- by aselrming that the fuel injected in the engine 

(f/a), = 
wf ,t 

W f  ye 
( 7 )  

3600 wa,3 - 0.067 

where 0.067 iff the  stoichimetric fuel-air ra t io  f o r  the angtne 
fuel. 

+:.* , .L 
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Turbine-outlet temperature. - Beuaaee the temperature meae- 
nranents at sfat ion 6 w e r e  unreliable when the  tail-pipe burner 
was in operation, the turbiPe-outlet   tempratwee  l isted in table I 
w e r e  oaloulated by meaDB af the fol luwlq  re la t ion:  

Ccanbustion effioiencg. - Tail-pipe  canbustian  ef'fioiency was 
obtained by divldlng the  enthalpy rise through the  tail-pipe 
bwner by .the heat  oontent of the tai l-pipe fuel. 



. 

2 1  

The engine fuel was aesumed to be burned cangletely in the engine; 
inaamuch as the engine ocrmbustion df~ciency ha8 been fotmd to  be 
appro"tely 98 percent, this  assumption involves less than one- 
half af 1 $roe& error in the value of tail-pipe  cabustion effi- 
ciamy. The enthalpy & the combustion products was detebained 
fm the hydrogen-oar- ratio c f  the fuels by the method whined 
in r&ereme 6, in which dies00iation Le disregarded. 

' 8  
ps = (eaaio flow) 
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Exhaust-nozzle-outlet  Maoh nmber MS was determined from 
Jet Mch number Mj by aeeuru& omtant total  pessure in the 
exhaust j e t .  

When MJ 1, % = MJ (eubsonic flow); when Mj =- 1, % = 1 
(eoab f Low) because the sxhauert-nozzle outlet is the minimum area 
in the flow path. 

!Che values of Cd and CT for the exhaust nozzle used were 
determined f m  the following  relations, which were  experimentally 
obtained: 

.. . . 

The ratio aF specific heats y9 and the thermal--ion ra t io  CT 
were based on an estimated value of' exhaust-gas temperature deter- 
mined f r m  the scale-thrust measurement  * 
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!Phe last two terms af this erpressiaa repceesent m a e n t u n  and pres- 
sure fomea cm the Installation at the slip joint in the inlet-air 

experiments wlth a blind flasge installed at the englne inlet  to 
prevent a l r  flow through the engine. Drag af the exhanst-nozzle 
survey rake was m e a s u r e d  over a -e CXP J e t  Mach numbers by a 
hydraulic-balsIboe-piston mechanism. 

dnot. Exfieraal drebg ae the inetkllatian was determinsd fKHn 

Equivalent free-stream mamentun of the  inlet  air was eub- 
traoted fzwn soale Jet thrmet t o  det- net thrust as follows: 
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5 , s  = cacT% 

- j"l 
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jet-velopity wefffoient with k i l -p ipe  bmning to 
mtio is s h o w n ’  by the following o m ,  which was 
faired values acP jet W t :  

c 

..o 1.5 2.0 2.5 3.5 4.0 
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6. Turner, Riohard L., and Lord, Albert W. : Thermodynamic C h a x t e  
for the Cmputstian of Combustion and Mixture Temperatures a t  
C o n e t a n t  Preeeure. NACA Ilm 1086, 1946. 
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TABLE I - PERFQRXAUICE DATA 

3x33 
67.56 
67.58 68.00 
31.48 
31.13- 
31.47 
51.89 

48.88 
31.36 

49.22 
69 -27 

49.19 
49.62 
19.10 
19.16 
19.42 
18.66 

65.55 
64.98 

65.38 
64.64 
45.05 

46.14 
45.39 

45.26 
30.90 

50. S6 50.93 

46.44 
50.57 

46.94 
47. m 
46.68 
47.m 
55.55 
57.12 
55.82 
56.07 
19.55 
19.37 
19.46 
18.32 
11.20 
11.03 
10.78 

3940 
3020 

4700 
7319 
1310 
1950 
3520 
5070 
6600 
2450 
36% 
4540 
6600 
6340 
1000 
1500 
2000 
3020 

482  2670 
479 
+80 

2990 
3200 

459 
480 3770 

1140 
1400 
1800 

454 
453 1880 

481 
1775 

477 
479 

2230 
2440 

477 
476 

2 610 
2710 

476 
476 , 

!a00 
765 

477 
478 

1000 
900 

tE 
1 n o  

1842 
1839 
1841 
1853 
828 
820 
816 
824 

1334 
818 

1363 

1334 
1339 

1311 
626 
527 
535 
51 5 

1748 
1752 
1745 
1755 
775 
779 
776 
782 
779 
'782 
79 3 
786 
782 
793 
497 
497 
800 
490 

4964 4333 
1396 1082 
lB94 1619 
2441 2165 
25S2 2251 
2400 2132 
3165 1791 
4022 2606 
4304 2926 

4606  5232 
4512 3136 

964 788 

1S5 1125 
1196  1031 

1166 gez 

Configuratloa B - 
3166 
3739 
46e8 
4922 
2710 
3200 
M60 
3733 
1952 
2054 
2332 
2546 
3188 

4581 
5862 

4U16 
5155 

4709 
3921 

5348 
6057 
863 
11M 
1473 
1672 
631 
679 
668 - 

- 
2564 

4031 
5154 

4335 
2309 
2815 
5052 
3350 
1693 

2071 
1785 

2259 
18 41 
2488 
3202 
3512 

2088 
5815 

2829 
3- 
4227 
706 
1003 
1316 
1402 

526 
685 
588 - 

4070 
4520 
6890 

3300 
6527 

4000 
4540 
6300 
2020 
2500 
3019 
36x) 
3240 
5800 

502 
495 
501 
504 

481 
402 

490 
48 6 
464 
465 
470 
466 
508 
508 

510 
605 

603 
507 
503 
610 
504 
457 
458 
459 
156 
500 
M33 

,500 

8640 
2800 
3500 

2030 
3720 

2sao 
2540 
2760 
1180 
1500 
1710 
1850 
1700 

2610 
2140 

2870 
9090 
1900 
2360 
2840 
3380 

1070 
880 

1140 
520 
560 
540 

n o  

6,000 
-270 

6 15;OOO .e65 

7 15.000 .270 6 (16,000 1 I265 
8 15,000 -270 
9 25,000 .2@0 
10  25,000 .270 
11  25,000 -265 
12 25,000 .205 

14  26,000 .915 
13  25,000 '.915 

15  25,000 .916 
16 26,000 -875 
17 25,000 .a95 
18 25,000 1.080 
19  26,000 1.070 
20 26,000 1.065 
21  26,000 1.056 
22  35,000 -265 
23 35,000 -260 

26 35,000 .e75 
26  45,000 ,280 
27 45,000 .e55 
28 16,000 .e75 

24 36,000 -265 

1248 

gg I 813 
769.  814 

e22 

775 us0 
782  1344 
786  1354 
814 1339 
796  1338 
7&2  1588' 
789  11321 
788 1600 
789  1595 
497  518 
493 
497 

516 
6l.Q 

486 
309 

5x2 
326 

509 32 3 
298  314 

4800 

7353 
59  57 

4170 
3900 

m26 
6527 
1010 
1500 
e040 
2330 
1070 
1490 
lsoo 

C 

0.270 
e255 
.270 

-270 
.265 

.276 

1752 
1752 
1766 
1769 
1188 
llS4 

1843 
1836 
1858 
164 6 
1249 
1247 
1250 
1245 

519 
S14 
514 

474 
614 

475 
477 
481 

63.07 

64.1s 
6s. 40 
63.73 
46.28 
46.12 
4d.09 
45.61 2800 
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OBTAIRBD WFTH TAIL-PIPE BURRIIW 

" . .  
,pecific fuel Total all-pipe Turbine- Turbine- Burner- Exhaust- grhPust- Ihra 
consumption f u e l a i r  ombustion outlet   outlet  section- nozzle gas t o t a l  
Plr . -+Wp. + )/F- M ti0 ff lc lenoy total tota l  inlet t o t a l  temperature 

gumtion A 

1 
I - 

1 
4 
3 
4 
6 
6 
7 
8 
0 

10 
ll 
12 
15 
14 
15 
1 6  
17 
la  

2.204 

2.227 
2.121 

2.264 
2.559 

2.457 
2.069 

3.088 

2.323 
3.459 

2.250 

2.618 
2.386 

2.240 
2.800 

2.444 
2.667 
3.802 

0.0233 

. o s 9  

.0288 

,0460 
-0219 
-0303 
.w77 
. O Q O  
-0664 

.0328 

.0239 

.0400 

.a471 
-0515 
.02m 
.0352 
.0435 
-0592 

1246 
1349 
I414 

U89 
15&0 

1353 

2691 
2926 
S 6 3  

1196 
3361 

1358 
1581 

1571 
1628 

1848 
2197 
2277 
2363 
2433 

782 
846 
918 
886 

3l49 
3271 
3684 
lJo9 
14 8B 
1886 
1733 

0010 
1-0 

2369 
2433 
2510 
2584 
850 
912 
995 
9 52 

i5& 
1610 
1563 
1l87 
1354 
1464 
1620 
1642 , 

1218 
1408 
1489 
1425 

2553 2668 

899 
2371 
2426 

Configuration B 

2.678 
2.352 
2.329 
2.364 
2.308 
2.266 
2,320 
2.420 
1.890 
2.241 
2.283 
2.426 
2.693 
2.378 
2.314 

2.737 
2.513 

2.805 
2.300 

2.344 
2.242 

2.436 
2.373 
2.363 
2.489 
3.023 
3.504 
3.980 

2708 
eo08 
32 74 
s364 
2046 
2217 
2326 
2 w o  
1243 
1443 
1533 
1604 
1855 
2146 
242.0 
2541 
2663 
21 50 
2467 
2761 
3074 
761 
881 
970 

1007 

519 
506 

498 

1908 
2186 
27- 
2054 
e207 
9632 
e873 
9096 

2487 
la40 

2735 
2971 
1932 
2433 
2944 

M65 
5302 

2246 
1848 

2857 
3425 
1685 
2216 

2897 
2706 

2331 
2186 

2199 

0.0286 
.0318 
.0405 
.0447 

.0396 

.0333 

-0503 
-0443 

.02Sl 
-0365 
.0440 
-0506 

.0356 

.0299, 

.0440 

.0635 

.0626 

.0993 

.0321 

.0399 

.0247 

.0499 

. O M 6  

.0451 

.os11 
-0400 
.Os24 
.0611 

0.0211 
-0239 
.032s 
0378 

.02m 

.0320 

.0374 

.OM0 
0219 

.02a7 
a0370 

.0232 

.0283 
-0373 

a0613 
-0491 

.02m 

.0249 
-0326 
.0443 

-0270 
,0987 
.04W 
.0335 
-0486 
.OS98 

.a453 

. o l n  

- ,665 
0.644 

.798 

.706 
a 0 0 6  

.746 

.767 
,777 

-506 
.713 
.706 

.542 

.703 

.732 

.828 

.ea4 

.731 

.5LO 

.712 
,890 
.9W .xw 
e626 
673 

.659 

. x 3  

.2-80 

.4m 

2907 
3094 
34€3 

2176 
3562 

2 s  
. 2466 

2558 

16.50 
1343 

1629 

P o o l  
1711 

2284 

2 670 
2555 

2330 
2794 

2634 
2905 
3236 
826 
924 

1031 
1065 
643 
656 
633 

1282 
13 62 
l5w 
la1 
1386 
1511 
1584 
1664 

1420 
1230 

15 66 
1642 
I238 
1404 
1574 
1699 
1758 
1199 
1310 
1509 

1184 
1688 

1358 

1609 
1533 

1414 

1475 
14n3 

2726 
2893 
3208 
s 9 0  
2027 
2175 

2367 
2262 

1422 
l260 

1484 
1369 
1858 
2113 

2463 
2354 

2162 
2572 

2695 
2449 

299 6 

855 
770 

9 48 
974 
502 
512 
491 

2 
1 

3 
4 
6 
6 
1 
8 

10 
9 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

guration C 
2637 
2829 
3045 2.297 

2.343 
2.219 
2.239 
2.276 
2.318 .0491 

3234 

2215 
2090 

23e1 
2386 

2936 4 

2914 
3135 

7 
8 
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TABLE I - PERFoWASCCE DATA O B T A I I E D  

%?E:- 
tota l  

I I 

Configuration C - Coneluded 
~ . . - . . . . 

- 
0.280 

789 .270 
8ZO 779 .e75 

468 826 782 
466 

850 456 
-275 778 
.886 778 1299 

821 458 

.885 776 1287 
605 

,880 779 1292 
496 
497 

.870 782 1282 
1.066 

1690 ?02 1.060 

499 
1682 779 1.060 

496 
1605 789 1.060 

488 
1686 776 

499 
602- 

.270 497 525 443 

.e86 495 
618 
521 

444 

.270 506 
448 

321 
.e80 509 

4e4 

.266 304 
528 4e2 
319 481 

.eeo EO1 1x16 782 

.e86 480 

2100 
2480 
0990 
5670 
a10 
5660 
4Mx) 
4990 
6470 
4580 
4620 
6100 

1810 
e461 

2200 
3020 
1140 
1700 
2 o w  

1616 
2078 
2349 
2638 
3586 

4597 
see 
4671 
46s4 
SO70 
61 6l 
6471 
6057 
1446 
1688 
1766 

377 
705 

764 - 

1234 

2072 
la00 

2567 
2097 
2685 
3116 
5371 
3579 
S2l9 
5506 

a 2 5  
5646 

1400 
1585 

'670 
601 

658 

1972 

51.40 
51.57 
51 79 
31.Z6 

45.89 

46.19 
46. S6 
66.61 

66.10 

80. Po 66.11 

19.95 
20.14 
11.55 
11.69 
11.56 

46.75 

46.99 

a6.96 

1180 
1620 
1740 
1920 
1870 
2160 
2610 
2660 
e810 
2605 
2720 
2985 
3s70 
1060 
ll80 
ls00 

BBO 
626 
610 

10 25,000 
9 25.000 

11 26.000 
l2 

55.000 24 
55.000 25 
56.000 22 
26.000 P I  
26.000 20 
25,000 19 
26,000 18 
26.000 17 
26.000 1 6  
26,000 15 
e60000 14 
25.000 15 
25,000 

86 

45,000 27 
46,000 26 
46.000 

Conflguratlon D - 
5139 
3838 

2646 
421e 

2929 
SOB9 

1880 
5255 

e l06  
2286 
2966 
5100 
s262 
30e8 
5609 
5668 

1067 
866 

1349 
1455 
736 
747 
765 

- 
18 37 
1844 
1840 
l266 
12 53 
1252 
1256 
815 

816 
1366 

1537 
1966 

1602 
1804 
1810 
523 
623 
Se6 
621 
317 
317 
51 5 

828 

- 
5734 

4788 
2966 
5344 
3600 

2151 
3664 

2589 
2688 
4345 
4469 
4802 
4847 
6S31 
6495 
1058 
1.239 
1628 
le0 
836 
847 
857 

44la 
63.72 

622.94 
62.65 

46.67 
45.89 
46.86 
46.16 
30.94 
51. 62 50.80 
47.e6 
46.57 
4 6.32 
51.70 
64.61 
56.a 
19. 76 
19.72 
19.72 
19.67 
11.60 
11.42 
11.51 

520 
625 
619 
484 
481 
481 
479 
460 
469 
464 
609 
617 
512 
520 
623 

456 
515 

466 
458 

471 
458 

476 
474 

1748 

1762 
1748 

11eQ 

1190 
1188 

776 
786 
775 
786 

779 
786 

789 
786 
798 
497 
497 

502 
497 

302 
302 

u r n  

497 - 

0.270 
.280 
.e66 
.280 
,276 
.E70 

-270 
-286 

.200 

.e75 

.e15 

.916 

1.060 
.e16 

1.066 
1.080 

.270 

.270 

.2ao 

.e66 

.a60 

.e66 
-245 

2475 
2 670 

1570 
1 6 l O  

1380 
1820 
e200 

Configuration E - 
617 
516 
EO9 
506 
463 
464 
612 
605 

49 7 
M)B 

445 
442 
445 
48 6 
489 
490 

I 
1170 . E23a 

2996 
5813 

1287 
4390 

1856 
1585 

S u b  

1520 
S48S 

1445 
1518 
866 

8469 

2786 
5691 

1602 
1928 
2Q40 
302 6 
4487 
4846 
149s 
1611 
1514 
989 
-720 
€45 

6% 57 
05956 
64.16 
64.78 
51-66 
51.52 
46.45 
47.57 
46.85 
4 7 . a  
19.92 
19.88 
19.84 
14.41 
le. 78 
U.27  

4040 
4810 
60oo 

2130 
7305 

e510 
3420 
4170 
6180 
e267 
2190 
2 m  
5500 
1990 
1670 
1190 

1741 

1752 
1752 

1752 
782 
782 
780 
789 
780 
786 
490 
480 
490 

344 
365 

509 

1823 
1846 
1042 
1847 
823 
822 

1w1 
1560 
1542 
1s40 

516 
614 
514 
406 
560 
322 

14 401000 
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WITH TAIL-PIPE BUREXltG - COplOlUdOd . 
31 

- 
10 
9 

11 
12 
13 
14 
15 
16 
17 
18 

20 
19 

22 
21 

23 
24 
25 
26 
27 - 

0.457 

.754 

.704 

736 
.673 

,814 
,760 

.E18 

.789 

e842 
a796 

e839 
e892 

. n 8  
-712 

,666 
-410 .328 
619 

I254 . I 1259 1463 1428 
2.658 
2.222 

0.0293 

2.283 

0.0223 
,0359  e0281 
-0419 . O S 6  

2.372 ,0606 .04M) 
2.422 
2.249 

-0239  00312 

om71 -0348 e-163 
o W 6 1  -0513 2.460 
.OM6 -0468 2.339 
003eD  ,0430 2.260 
-0281 a03Sb 

2.214 
2.202 

-0361 e0286 
,0403 -0330 

2.326 
2.256 ,0401  -0326 

,0495 .0437 

2.399 .0479  .0418 
2.726 a0607 -0586 
2.862 io427 .03Q 
3,470 -0568 ,0537 
4.042 -0860 -0660 

1361 
1566 
1694 

2104 
1766 

2269 
246E 
2547 
2583 

2869 
2768 

2937 
3202 
1038 
1091 
1161 
680 

610 
a 4  

1208 
1410 
1527 

1311 
1649 

14l8 
1558 

1688 
1622 

1404 
1431 

1664 
151s 

1476 
1599 

1483 
1700 

1534' 
1630 

2382 
1776 

2724 

2163 
3043 

2484 
2891 
3081 

268s 
319 6 

26le 
Z8lO 
3308 
2670 
2894 

2444 
3123 

2486 
2424 

2140 

2947  3041 

2637 2701 
2696 2779 

2365 24Bo 

2259 2339 
2341 2424 

-6 

em9 2548 

977 
1033 I loo0 

954 

1103  1059 

conf 

0.0253 
-817  -0328 
0.741 

pation D 

3384 
31 3c 

2291 
3510 

242 6 
2504 
2643 

1738 
1887 

2488 
2542 
2687 
2756 

3026 
so04 

889 

10- 
9 67 

llcll 
6l7 
649 
628 

1571 

- 
2894 
3108 

209 6 
3227 

2222 
2287 
23al 
1440 

1589 
1542 

2324 
2274 

2518 
2365 

e753 
2781 
819 
885 
971 
1007 

589 
562 

573 

2.360 
2.580 

2.403 
2.248 
2.228 
2.256 
2.298 
Z.180 
2,260 
2,393 
2.249 
2.326 
2.386 
2.279 
2.334 
2.299 
2.449 
2.371 
2.305 

.2384 
2801 
2990 
2409 
2696 

2932 
2857 

2499 
27  60 

2788 
3049 

2eQl 
3107 
2574 
3094 

1921 
3042 

2786 
2302 

9021 

2964 
2-8 

e765 

. 03m *eo1 
-0273 

,832 .0323 
.749 .0445 
.758 -03555 
.747 . m 1  
.783 .OW6 
e806 a0356 
.777 -0323 
-727 

.038B -864 

1425 

2413  1606 
2365 1570 
2296 1534 
2156 

1552  1687 
1669 1650 
1516 2343 
1590 2396 
1827  2443 

1442 14880 

.0352 
,0401 
.0429 

0370 
.0427 

,0398 
e0437 

-0412 

-0353 
.0279 

.a35 

.0357 

.0287 
-0376 
.Mea 
.0452 
.06U 
, 0748 

-824 

.944 
-903 
,516 

.730 

. €47 
-717 
.5€a 
.532 
.381 

-818 
.0473 

.0424 

.04?7 

.om9 
-0445 
-0361 

-0356 

1566 

1619 
1c43  1649 
loo5 

1660 
E82 
612 

1672 592 

2.440 
2.792 

.OS12 

3.373 
.om5 

3.791 
-0623 
-0726 

Configuration E 
2.875 
2.597 
2.460 
2.520 
2.681 
2.361 

2.666 
3.1E8 

2.477 
2.620 
2.470 
2.671 
3.390 
3.189 

3,092 
3.715 

0.0288 

-0413 
-0482 
,0292 
.0349 

.0375 

.0466 
-0540 
.0461 

,0650 
006% 

-0427 

0.0216 
.0269 
-0340 
-0424 
.0224 

.02u 
e0276 

-0307 
.0407 
. o m  
-0402 
,0511 
-0646 

-0463 
.0498 

-0370 

0.424 
,618 
,709 
-740 
.382 

.455 

.559 

.666 

.77P 
,739 
.623 

555 
-396 
-426 
.364 
,347 

2782' 
3094 
3367 
3695 
1332 
1480 
1866 
2320 
2E45 

1042 
2697 

lq78 
1041 
734 
617 
523 

1275 

1540 
1400 

1.530 
1195 
1335 
llQ0 
1390 
1565 

1496 
1650 

1500 
1690 

1490 

1400 
1410 

2590 2595 
2900 2859 
3175 3105 

1234 1238 
3402 3915 

1382 1363 
1813 1803 
2170 2122 
2399 23x3 
2548 2470 

1782 

2655 
2242 

2976 
1670 
2127 
1802 
24008 
2960 
3170 
2635 
2783 
2574 
2432 
2201 
2024 

1 
2 

4 
3 

5 
6 
7 
8 
9 
10 
ll 
12 
13 

16 
14 

XL 
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Side view ae 
oanical. spray nozzle 

(a) Fuel eyetem I; fuel-injection pattern wlth 40 gnllon-per-hour conical spray nozzlee . 
Figure 3. - Sohematio diagr_ams_ of fuel eyetam. - 
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I 

Mameter 
holes (in.) at' Jets (In.) .- " - . 
IKemeter cf Humber 

-- - - " - . 

16 

0.040 15 12 

0.045 20 

0.040 5 
2 
1 6- 

. .  

" 

Detail A, T 
impinging Jet 

(b) Fuel eyetem 11; fuel-Injection pattern eafi details of impinging-jet fue l  injectore. 

Figure 3. . - Continued .- Schematio dlagrame Os f u e l  syateme . - -  - -  "" - " . . - 
G 
8: 
0 
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. 

39 

Diameter Number Dimtsr of 
(in.) of Jete holea (in.) 

16 20 0.045 

12 10 0 -040 
11; 5 " 5  

7; 5 0.045 

6- 1 
2 

5 . a 5  

Detail A, v 
"ing Jet 

( 0 )  Fuel B y s t e m  In; fuel-injeotlon pattern aod detail8 of impinging-jet fuel injectors. 

F i w e  3. - Concluded. Sohematic diagrams of fuel eyeteme. - 



I .  
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(a) Fuel eystem III. 

Figure 4. - Fuel systeme; looking upstream. - 
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Y 

I 

-! 

I 

(b) Ootagonal flame holder. 

Figure 5.  - S&eme&ic diagram cf flame holders. 
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a 

Medium  two-V flame-holder installation in configuration C; looking downstream. 

Figure 6. - Photographs of flame holders. 

45 
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" 

C- 22968 
2 -  16-49 

(b) Octagollsl fleme~ holder. 

Figure 6. - Conclud6d. Photographa of flame holders. - 
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o Total-pressure tube 
0 Static-pressure tube  or aall orifice 

Thermocouple 
& - Engine-combustion-chamber center line 

9L I 
(a) Engine inlet,.station Is (b) Turbine outlet (diffuser 

1/4 inch downstream o r  inlet); statfon 6 s  105 1 
engfne-inle t flange. 

inuhes downstream of turbine- 
outlet flange . 

(c) Burner-section Inlet, station ( d )  Exhaust nozzle, station 
7 ,  8~ inches upstream OF flame 
holder. 

3 8 ,  1 inch upstream of‘ 
outlet. 

Figure 7. - Location of temperature and pressure instrumentation 
installed in engine and ta i l -p ipe  burner; looking downstream. 
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8 (a) Altitude, 35,000 feet .  

? 
rl 

(b) Alt i tude ,  25,000 feet. 

03 04 05 06 07 
Tail-pipe  fuel-air rat ios  (f/a)t 

( c )  Altitude, 5000 feet .  . 
Figure 8. - Effect of tall-pipe  fuel  diStribUtiQn on relation  between 

tail-pipe oombustion effioiency and ta i l -p ipe  fuel-air ratio. 
Medfum two-V flame holder2 6im~lated flight Mach numbers 0.27. 

I 
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ii (b) Al t i tude ,  25,000 feet. 

. -. EYgure 9. - gffeot of tail-pipe fuel distribution-on  relation between 
exhaust-gas total  temperature and tail-pipe  fuel-air ratio.  Medium 
tro-V flame holder; simulated flight Mach number, 0.27. - 
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A 
.. . 90 

0 8 0  

Medium two- 

0 6 0  

0 5 0  I 

40- I . 01 . 02 03 04 05 06 07 
Tail-pipe fuel-air ratio, (f/ajt  

(c) Altitude, 5000 feet. 

figure 10. - Effect of flame-holder design on relation  between tail- 
pipe combuatlon  efficiency and tail-pipe fuel-alr ratio. Fuel 
system 111; simulated flight Mach number, 0.27. 

.L 

. 

. " .. 

t 
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9400 

3000 

2600 

2200 

1800 
(a) Altituder 95,000 feet. 

(b) Altitude, 25r000 feet. 

3000 
Medium two-V’ 

2600 

2200 

1800 

1400 
.01 0 02 03 04 .O6 06 07 

Tail-pipe fuel-air ratio, (f/a)* 

( c )  Altitude, 5000 feet. 

Figure 11. - EXfect of flame-holder desi- on relation between exhaust- 
gas total temperature and tail-pipe fuel-air ratio. Fuel system 111; 
simulated flight Mach number, 0.27. 
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. 

(a) Burner-section-inlet velocitg. 

4000 

3000 

2000 

1000 

0 
0 

(b) Turbine-outlet total temperature. 

( 0 )  Rrrbine-outlet total pressure. 

figure 12. - EXfeot of altitude on tal l -pipe burner-Inlet conditions In config- 
uration C. Simulated flight Maoh nunber, 0.27. - 
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(a) Tail-pipe combustion efflciencr. 

0 2 03 .04 05 06 .a7 
Tail-pipe fuel-air ratio, (f/aIt 

(b) Bxhust-gas tota l  temperature. 

Figure 19. - ETfect of altitude on tail-pipe-burner performance of con- 
figuration G. Simulated flight Mach number, 0.27. 
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figure 14. - Effect of flight Yach number on tail-pipe burner-inlet COP- 
dlt ions in configuration C. Altitude, 25,000 feet. 
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. 

(a) Tail-pipe combustion efficiemy. 
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(a )  Aumented-thrust ratio. 

(b) Ekhaust-gas tota l  temperature. 
Figure 16. - Relation between over-all performance charaoterlstlcs and 

f l ight  Mach number. Turbfne-outlet total temperature, 1650° R; altl- 
tude, 25,000 feetr exhaust-nozzle-outlet area, 296 square inches. 
(Data for 29-inch-dfameter tail-pipe burner obtained from reference 5 , )  - 

.. . 
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29-inch-dime ter 
tail-pipe burner 

"tandard engine 

.so 

70 

% (c) Tail-pipe combustion efficiency. 

%light Mach number, ?lo 
(d) Specific  fuel consumption. 

Figure 16. - Concluded. Relation  between over-all performance charac- 
teristics and flight Mach number. Turbine-outlet total temperature, 
1650° R; altitude, 25,000 feet; exhaust-nozzle-outlet area, 296 square 
inches. (Data for 29-inch-diameter tail-pipe burner  obtained  from 
reference 5.1 
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40 
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Tail-pipe fuel-ai r rat io, ( f/a& 

Figure 17. - Effect of flame-holder design on tail-pipe-burner combus- 
tion limits. Fuel system 111; simulated flight Mach number, 0.27; 
exhaust-nozzle-outlet area, 296 square inches. 
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